Abstract. The paper discusses the crushing behavior of various winding angles of glass fibre reinforced epoxy (GRE) pipes at elevated temperatures. Two different winding angles of composite pipes were chosen for the study; ± 55°, ± 63°. GRE pipes angled ± 55° and ± 63° are compressed using Universal Testing Machine (UTM) at room temperature and elevated temperatures of 45°C, 65°C, and 95°C according to ASTM D695-10 standard. The temperatures were chosen based on the glass transition temperature (T g ) that was measured earlier. The results show that as the temperature is increased, the compressive strength significantly degraded. This is due to the change in the properties of the GRE pipe from a rigid state to a more rubbery state as the composite pipe reached T g . GRE pipe with winding angle ± 55° show a higher compressive strength compared to ± 63°.
Introduction
Glass fibre/epoxy composites have been widely utilized in engineering applications especially for the transportation of gas and fluids. In recent years, it has been replacing the use of steel and wood because of the advantages in its properties such as corrosion resistance, high strength to weight ratio, competent mechanical properties, and easy to handle. Recent studied have been conducted to determine the mechanical properties of the GRE pipes which involve tensile, fatigue, impact, and compression tests. However, this study focuses on the behaviour of the GRE pipes when subjected to uniaxial compressive loading. Usually, transverse matrix crack, fibre fracture, and delamination are the common damage modes in composite materials [1] .
Studies were also done to determine how different winding angles affect the compressive behaviour of composite materials. P. D. Soden et. al [2] did a research on the influence of winding angle on the strength of filament-wound composite tubes. Uniaxial tensile tests were carried out on three different winding angles of ± 45°, ± 55°, and ± 75°. The results show that lower winding angles yield a higher axial tensile strength. A. W. Wharmby et. al [3] found that the specimen that shows the highest stiffness is the lowest angle when comparing three angles of 25°, 45°, and 75°. A study conducted by M. S. Abdul Majid et. al [4] compared the effect of winding angles on biaxial ultimate elastic wall stress (UEWS) and concluded that winding angles indeed affect the mechanical properties of the GRE pipes. As for GRE pipes conditioned with different temperatures, M. S. Abdul Majid et. al [5] did a study on the behaviour of GRE pipes under hydrostatic and biaxial load conditioned at elevated temperatures. The results obtained proved that the test temperatures strongly affect the failure of the GRE pipes.
Materials and Experimental Methods a. Fabrication process of glass fibre reinforced epoxy (GRE) pipes
The wet filament wound process was used to fabricate the composite pipes. The GRE pipes were produced at Advanced Materials Research Centre (AMREC), SIRIM Kulim High Tech Park. Fibres were passed through a resin bath to produce resin impregnation. Then, at an angle of ± 55° and ± 63°, the wet fibre is applied to a mandrel using CNC control filament winding to produce the winding angles. The dimension of the pipes are about ± 2.5 mm thick and ± 1000 mm in length. Once the resin had dried out, the pipes were cured for 3 hours at a temperature of 130 o C. Lastly, the pipes are left to cool at room temperature before being removed from the mandrel.
b. Preparation of test specimens
As specified in ASTM D695-10 [6] standard, the GRE pipes were cut into smaller specimens of ± 100 mm in length using a jigsaw cutter. Altogether 8 specimens were prepared to carry out the experiments with the length of the specimen should be equal to the diameter of the specimen.
c. Differential Scanning Calorimetry (DSC)
To determine the value of the glass transition temperature (T g ) of the GRE pipes, DSC tests were carried out. T g is where the specimen changes from rigid state to a more rubbery state. 
Results and Discussion
The results of the crushing behaviour of the GRE pipes with respect to different winding angles is represented in the form of stress strain diagram comparing two different winding angles of ± 55 o and ± 63 o . Fig 2 shows the compressive stress-strain response of the GRE pipes. According to the figures, as the temperature during compression is increased, the strength of the GRE pipes decrease . Fig 2(a) shows for winding angle ± 55°, the maximum compressive strength was recorded at 80.45 MPa when the specimen was crushed at room temperature (RT). RT. This suggests that a significant degradation in the compressive strength which is over 90% occurs when the temperatures were elevated. As for Fig 2(b) , observations on test results indicated that the maximum strength of GRE pipes angled ± 63 o yields a value of 37.84 MPa when subjected to compression at RT. This is followed by 45 The results show that composite pipes at winding angle ± 55° has a higher crushing behavior than ± 63°. As observed, elevated temperatures reduce the compressive strength of the GRE pipes. The strength begin to decline rapidly as the temperature reaches T g and continue to rise above T g . This is because the composite pipes change from a rigid state to a rubbery state at T g . The higher temperatures cause the glass fibres to become more ductile and the resin matrix to soften hence requiring less compressive strength to deform [5] . Applied Mechanics and Materials Vol. 695
Conclusion
The effect of winding angle and elevated temperature on the crushing behaviour of GRE pipes were investigated. The results indicated that a lower value of winding angle yields a higher compressive strength. At elevated temperatures, the pipes significantly degraded from room temperature to higher temperature due to a change in the properties of the GRE pipes.
